with ESRD including those not referred for dialysis, which yields an expectedly lower survival rate than reported by dialysis registries.
Introduction
Advances in infant dialysis in recent decades have led to improvements in the survival of newborns with endstage renal disease (ESRD) [1] [2] [3] ; however, infants born with ESRD requiring initiation of renal replacement therapy within the first few weeks of life remain challenging to manage. Historically, there have been differing opinions among providers regarding whether and when to initiate infant dialysis [4] , and recent surveys continue to indicate varying opinions regarding the initiation of dialysis versus comfort care for infants <1 month of age [5] .
ate the survival of infants who are enrolled in registries after successfully initiating dialysis [9, 12] , and are therefore prone to selection bias, as infants who have complicated early life courses and do not survive to dialysis initiation may not be included. There are few data assessing the overall survival of infants born with presumed ESRD, including those who are not referred for further management, those who do not survive to initiation of dialysis, and those who do not survive early dialysis.
We sought to understand this more encompassing outcome of newborns with ESRD on a population rather than registry level, given the potential for selection bias in registry data. Newborns referred to our institution for dialysis are admitted to our neonatal intensive care unit (NICU) from 2 categories of sources: "regional" referrals from a set of 5 local NICUs that consistently transfer patients to us for management of renal disease, and a broader set of hospitals from which we receive transfers more sporadically. We use the term "catchment area" referrals to describe the combination of regional and broaderbased referrals.
The objective of this study was to determine the survival to transplant of infants (1) born regionally with ESRD whether they died at their birth hospital or survived to transfer for dialysis and (2) within our catchment area who were transferred to our institution for dialysis. In addition, we sought to assess factors associated with survival to dialysis initiation and survival to renal transplant.
Methods
In this retrospective cohort study, we screened NICU records between January 1, 2008 and December 31, 2014 at 5 regional level III NICUs. We reviewed lists of all infant deaths to identify those infants who died with pulmonary hypoplasia or renal failure, and evaluated these patients in greater detail to determine whether they met the diagnostic criteria for ESRD. In contrast to our regional referrals, for our entire catchment area we could not feasibly screen all deaths. Yet, in order to best understand the outcomes of infants in our dialysis program, we did include patients referred from our entire catchment area in our analysis of dialysis outcomes.
Thus, we screened all infants admitted during this same time period to the NICU at a large, urban, freestanding children's hospital that is a referral center for infant dialysis with an ICD-9 code for stage 5 chronic kidney disease (585.5), ESRD (585.6), pulmonary hypoplasia (748.5), renal aplasia or dysplasia (753.15), renal failure, not otherwise specified (586), or who had a CPT code for peritoneal dialysis or hemodialysis. We also reviewed lists of active and past dialysis patients as well as NICU records of infants requiring dialysis.
We excluded infants who developed severe acute kidney injury and subsequent ESRD secondary to nonrenal conditions including congenital heart disease, sepsis, and extreme prematurity. We also excluded infants with primary renal disease who initiated acute dialysis but had improvement of renal function, permitting discontinuation of dialysis prior to hospital discharge; these infants did not meet the diagnostic criteria for ESRD.
Among infants with ESRD, defined as infants who required chronic dialysis initiation within the first 8 weeks of life or who died of complications related to severe renal disease, we collected data by chart review regarding birth history, hospital course, and cause of death if relevant. For those infants who survived to dialysis initiation, we recorded the fluid and nutritional status prior to dialysis initiation; timing of dialysis catheter placement and dialysis initiation; dialysis complications including peritonitis, catheter leakage, or dialysis modality change; and whether the infant ultimately received a renal transplant.
This study was approved by the IRB at all hospitals in which chart review was indicated, namely Boston Children's Hospital, Brigham and Women's Hospital, Beth Israel Deaconess Medical Center, and South Shore Hospital.
Results
We identified 14 infants from 5 regional referral institutions who were born with ESRD and did not survive to transfer. The included infants came from 3 institutions; 2 of the referral hospitals reported no infant mortalities related to ESRD during the study period.
We identified 12 additional infants during the 7-year study period who were started on dialysis and ultimately met criteria for inclusion. These 12 infants included 5 from the regional centers and 7 from our broader catchment area. Of these 12, 8 survived to discharge home and 5 survived to renal transplant ( Fig. 1 ) , yielding an overall survival rate of 67% from dialysis to discharge and 42% from dialysis to transplant.
Adding the 5 patients from our regional referral centers who survived to transfer and the 14 who did not survive yielded a total of 19 patients born within our region with ESRD. Based on Massachusetts state birth data of the number of infants born at the 5 referral hospitals [13] [14] [15] [16] [17] [18] , we estimate that the incidence of ESRD among infants from our referral institutions was 1.4 infants/10,000 live births during the study period. Of the 5 infants who survived to transfer, 4 were discharged home and 2 survived to transplant, yielding an overall regional survival rate of 21% from birth to discharge and 10% from birth to transplant, with 73% of deaths occurring prior to transfer.
By combining the 12 patients referred for dialysis and the additional 14 regional patients who died prior to transfer, we analyzed a total of 26 infants born in our catchment area with ESRD. The most common causes of ESRD were obstructive uropathy and cystic kidney disease ( Table 1 ). In 92%, renal disease was diagnosed prenatally. Of the 14 infants who expired at regional hospitals, 93% died from respiratory failure. Infants who died were smaller than those who survived to transfer ( . Extrarenal congenital anomalies, including cardiac, urologic, and other anomalies, were more common in infants who died prior to transfer ( Table 1 ) .
All infants who were transferred initiated dialysis. The majority of infants were started on peritoneal dialysis. Among infants who survived to discharge, dialysis catheters were placed at an older age and the interval between dialysis catheter placement and dialysis initiation was longer compared with infants who did not survive to discharge ( Table 2 ) .
Complications were common after dialysis initiation, with over 40% of infants developing peritonitis or catheter leakage, and 67% requiring dialysis modality change. One-third of the infants required replacement of their peritoneal catheter. Infants who experienced peritoneal dialysis catheter leakage had a shorter median time from catheter placement to dialysis initiation (7 days [IQR 4]) than infants who did not experience catheter leakage (11 days [IQR 4]). Nondialysis complications were also common, with 50% of infants requiring reintubation after initial extubation or developing sepsis ( Table 2 ) . Among the 4 infants who did not survive dialysis initiation, dialysis withdrawal or failure was not the primary cause of death, though dialysis complications including infection related to dialysis catheters did contribute to mortality in some cases.
Though it was difficult to discern the contribution of weight gain attributable to lean body mass gain versus edema, the median weight gain prior to starting dialysis was 622 g (IQR 515) among infants who survived and 540 g (IQR 623) among those who died. Based on review of the physical exam in the medical record, infants who survived were less likely (62%) than those who died (75%) to have at least mild edema documented at the time of dialysis initiation.
Regarding nutrition, all infants reached goal feeds, but only 4 infants were receiving their goal feeds at the time of dialysis initiation (data not shown). Goal feeds were reached earlier (median of 21 days [IQR 19]) of life for infants who survived to discharge than for infants who did not (23.5 day [IQR 31]). Of the children who survived to discharge, almost all went home with either a nasogastric tube or a gastrostomy tube ( Table 2 ) .
Infants from region who died prior to transfer n = 14
Infants born regionally with ESRD n = 19
Infants from region transferred for dialysis n = 5
Infants from beyond region transferred for dialysis n = 7
Infants Of the 8 infants who survived to initial hospital discharge, 5 ultimately received renal transplant. The 3 infants who did not receive renal transplant died after their initial hospitalization ( Table 3 ) . One infant died in the hospital and the other 2 died at home. The cause of death of the infant who died in the hospital was typhlitis, and the cause of death for the other 2 is unknown. Eightyeight percent of the infants who survived to hospital discharge required at least 1 hospital readmission prior to their transplant or death.
Discussion
In this regional study of infants born with ESRD, fewer referred for care survived to transplant than would be expected based on widely quoted data from dialysis registries, which generally do not include infants who die prior to being established on dialysis [11, 12] . The small sample size of this study markedly limits generalizability and restricts us to descriptive rather than statistical analysis. We found that survival to hospital discharge among infants with ESRD who were started on dialysis was 67% and survival to renal transplant of infants who were started on dialysis was 42%; 63% of those infants who survived to discharge ultimately received a renal transplant. This survival is lower than that reported in larger registries of infants with ESRD; survival of infants initiated on dialysis in the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) database was 89% for those started on dialysis at less than 1 month of age and 92% for those initiated between 1 and 24 months of age [12] . A similar registry study from Canada found somewhat lower survival of infants with ESRD than the NAPRTCS, though survival was still higher than in our study [9] . Some of this difference in survival may be related to the nature of enrollment in registry studies, in which infants n (%) unless otherwise specified. *Two infants only received manual peritoneal dialysis.
may not be enrolled unless successfully initiated on ambulatory dialysis [2, 12] . The voluntary basis of enrollment in these registries creates a propensity for better outcome statistics than a population-based analysis. While registries report higher survival rates, other single-center studies of infants with ESRD have shown similar survival to our study. A study of infants started on dialysis before 28 days of life reported a 52% 1-year survival and a 70.5% survival to renal transplant among patients who survived to initial hospital discharge [6] , findings similar to our results. Another single-center study reported 75% survival of children started on dialysis under 1 year of age, however many of the infants included in this study were older at the start of dialysis than the infants in our study [7] .
While a number of single-center studies and registry reviews have evaluated infants started on dialysis, data regarding the number of infants who do not survive to transfer for further nephrology care or dialysis initiation are sparse. One review of children diagnosed with ESRD prior to the age of 2 years in Britain and Ireland found that 8% of children included in the study were not treated for ESRD; of infants who were started on dialysis, 7% had medical technology withdrawn, and an additional 20% of children started on dialysis died of other causes [19] . There was a trend towards higher mortality in children started on dialysis prior to 2 months of age [19] . The lower survival of infants with ESRD that we observed when evaluating births across a number of large regional hospitals parallels these findings and highlights the importance of further evaluating overall survival of infants with ESRD.
In our study, there was a trend towards increased survival in infants who were of older gestational age at the time of delivery. Infants who survived had higher birth weights than those who did not survive. Oliguria and earlier dialysis catheter placement were risk factors for mortality. Infants who did not survive to transfer were also more likely to have cardiac anomalies (36 vs. 8%) as well as other urologic anomalies (36 vs. 8%). Severe pulmonary disease was present in all of the infants who died.
Complications of dialysis, including peritonitis and catheter leak, were common in our study, findings similar to larger reviews of peritoneal catheter placement, which have shown that peritoneal dialysis catheter placement prior to 1 year of age is significantly associated with hernia, catheter leak, and mortality [20] . Nearly 90% of infants who survived to hospital discharge required readmission. Achieving target nutrition was significantly delayed in infants referred for dialysis initiation. Furthermore, 88% of infants went home with gastrostomy of NG feeds, underscoring the medical burden facing infants with ESRD.
Efforts are currently underway to introduce peritoneal dialysis bundles and implement standardized pediatric peritoneal dialysis care practices nationally to substantially reduce catheter-related infections, including peritonitis [21] . These initiatives have led to a reduction of peritonitis rates by optimizing the quality of care provided to children with ESRD and thereby improve the outcomes of this vulnerable population [22] .
The finding that the vast majority of patients with ESRD are diagnosed prenatally suggests a prominent role for the nephrologist in antenatal assessment and counseling. Facilitating the delivery of these pregnancies at a site with nephrology expertise including infant renal replacement therapy provides an opportunity to minimize transports and optimize care.
There are a number of limitations to this study. Our population of patients with ESRD was small, even when expanded to include patients from our broader catchment area. In addition, within our region, some infants who died in the delivery room had minimal documentation; it is possible that some of these infants were born with severe renal disease, in which case they would have been missed. We also could not evaluate the number of fetuses with severe renal anomalies who did not survive to birth. It is possible that infants within our region could have been transferred to other area hospitals for further management, though the vast majority of infant dialysis initiation regionally occurs at out institution. We did not obtain maternal data and therefore could not analyze contributions to morbidity and mortality of obstetric factors such as oligohydramnios and induction of labor. Finally, this study was based on chart review, and some participant characteristics, such as relative contributors to weight gain of fluid overload versus gain in lean body mass, were difficult to ascertain. 
Conclusion
Overall survival of infants born with ESRD was lower in this study than in many reported analyses of infants with ESRD because we included infants who died prior to transfer for dialysis, a typically underreported segment of the ESRD population. When looking only at patients referred for dialysis, our outcomes were lower than registry-based results, but similar to other single-center results, a difference likely attributable to the voluntary enrollment in registries, making them subject to selection bias. Our findings must be interpreted in light of the small sample size. The population of infants who do not survive to transfer warrants further investigation to more fully understand predictors of survival among infants with ESRD. Clarifying that registry-based outcome data is intended to describe those infants who survive to dialysis and not those born with lethal comorbidities may be helpful when counseling families.
